Abstract Many membrane proteins and lipids are partially confined in substructures ranging from tens of nanometers to micrometers in size. Evidence for heterogeneities in the membrane of oligodendrocytes, i.e. the myelin-producing cells of the central nervous system, is almost exclusively based on detergent methods. However, as application of detergents can alter the membrane phase behaviour, it is important to investigate membrane heterogeneities in living cells. Here, we report on the first investigations of the diffusion behavior of the myelin-specific protein MOG (myelin oligodendrocyte glycoprotein) in OLN-93 as studied by the recently developed RICS (raster-scanning image correlation spectroscopy) technique. We implemented RICS on a standard confocal laser-scanning microscope with onephoton excitation and analog detection. Measurements on FITC-dextran were used to evaluate the performance of the system and the data analysis procedure.
Introduction
The plasma membrane of various mammalian cell types is heterogeneous in structure and may contain microdomains, which can impose constraints on the lateral diffusion of its constituents. One type of membrane inhomogeneities consists of the so-called lipid rafts, built mainly of cholesterol and saturated lipids [1] . These liquid-ordered microdomains attract a lot of interest as they are thought to provide dynamic platforms that are involved in a variety of processes, such as signal transduction and protein and lipid sorting [2] .
Oligodendrocytes (OLGs) are the myelin-producing cells of the central nervous system. Mature OLGs provide the ensheathment of axons with myelin, which is essential for the fast saltatory conduction of action potentials. Abnormalities in myelin development or disturbance and destruction of its structure lead to severe neurological symptoms observed in diseases such as multiple sclerosis (MS) [3] [4] [5] . Maintenance of the functional myelin sheath requires a carefully regulated balance of myelin synthesis and turnover, requiring precise sorting and targeting mechanisms. The formation of lipid rafts in OLGs may be important for membrane subdomain organization, compartmentalization of signalling molecules and sorting of myelin components [6] .
Most of the experimental evidence concerning the membrane heterogeneity in oligodendroglial membranes is based on biochemical studies [6] , which show that some membrane constituents are resistant to solubilization by nonionic detergents at low temperature [7] . The amount of proteins and lipids, however, as well as the sucrose gradient buoyancy of the detergent-resistant membrane complexes, was reported to vary substantially among the detergents and extraction procedure used [8, 9] . Application of a detergent alters the membrane phase behavior [10, 11] . In addition, the exact relationship between rafts and detergent-resistant membranes is unclear [12] . Therefore, it is important to investigate actual membrane heterogeneities in living OLGs. This can be accomplished by using microfluorimetric methods for monitoring the diffusion of molecules in the plane of the membrane [13] .
One method that can be used to investigate the dynamic properties of molecules diffusing in the plasma membrane of living cells is fluorescence correlation spectroscopy (FCS) in its various modalities. In FCS small fluctuations in the fluorescence signal from a femtoliter stationary or scanned observation volume are measured over a short period of time [14, 15] . These fluctuations arise from fluorescently labeled molecules diffusing in and out of this observation volume, which is spatially defined by the laser focus. The corresponding autocorrelation function (ACF) contains information about the average number of molecules in the observation volume (N) and their characteristic diffusion time [16] . Recently we have been able to demonstrate using Z-scan FCS that the lipid probe DiD (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate) exhibits hindered diffusive motion in the plasma membrane of the OLN-93 oligodendroglial cell line [17] . In the current work we elaborate on the mobility of the transmembrane protein MOG (myelin oligodendrocyte glycoprotein) in living OLN-93 cells.
MOG is an integral myelin-specific protein, which is localized in the outer lamella of the myelin sheath and therefore exposed to the extracellular environment. Although MOG is only a minor component of the myelin membrane (0.01-0.05% of the total myelin protein content), it induces severe experimental autoimmune encephalitis, i.e. the animal model of MS, and thus demyelination after administration to both rodents and primates [18, 19] and thus demyelination.
In this work, control measurements on FITC-dextran (fluorescein isothiocyanate-dextran) were performed to validate the RICS (raster-scanning image correlation spectroscopy) method and the in-house software for data analysis. RICS was then applied to monitor the diffusion of MOG in a stable OLN-93 oligodendroglial cell line [23] expressing MOGeGFP (enhanced green fluorescent protein, with eGFP linked to the intracellular C terminus of MOG).
Theoretical background
RICS has been introduced by Digman et al. [24, 25] and the principles are briefly reiterated here for the convenience of the reader. RICS operates on a temporal series of images obtained with a laser-scanning microscope (raster-scan mode). Each raster-scan image in this series contains temporal information as it is formed pixel by pixel and line by line (Fig. 1a) . Adjacent pixels along a single (horizontal) line are a few microseconds (pixel dwell time, t p ) apart, while pixels over successive (vertical) lines and frames are respectively a few milliseconds (line time, t 1 ) and secondsto-minutes apart. Hence, the spatial correlation of the image yields information on molecular dynamics over a broad time window. RICS allows combination of the temporal scales of single-point FCS with the spatial information obtained from ICS (image correlation spectroscopy) [26, 27] .
The overall normalized two-dimensional fluorescence intensity fluctuation spatial ACF (G S (ξ,y)) is defined as:
where I(x,y) is the detected fluorescence intensity at each pixel and δI(x,y)=I(x,y)−<I(x,y)> are the fluorescence intensity fluctuations around the mean intensity of the image <I(x,y)>. The transition from FCS to RICS is made by defining a scan function that relates time with space:
where ξ and y are the spatial displacements, expressed in number of pixels, in the x (pixels along a line) and y (pixels in successive lines) direction in the raster image, respectively (Fig. 1b) . The ACF for 3D diffusion then becomes (for one-photon excitation):
For diffusion in a plane the last factor in Eq. 3 must be omitted. The factor + accounts for the non-uniform illumination of the excitation volume and is equal to 0.3535 for a 3D [28] and 0.5 for a 2D Gaussian point spread function (PSF). G(ξ,y) is the ACF due to molecular diffusion only. Since the PSF overlaps several pixels in the xy-plane (requisite for RICS), there also is a correlation due to the scanning itself. For square pixels with dimension δr×δr this correlation (S(ξ,y)) is given by:
It is clear from Eq. 3 that the spatial ACF in RICS behaves in approximately the same way as the temporal ACF in FCS. As for FCS, the amplitude of the spatial autocorrelation curve is inversely proportional to the particle concentration [29] . In addition, the correlation curve will broaden when the diffusion becomes slower. One of the main advantages of RICS over FCS is that kinetic information can be spatially mapped allowing for the detection of heterogeneities in diffusion [24] .
Materials and methods

Chemicals
FITC-dextran with a molecular weight of 2,000 kDa (FD2000S) and a hydrodynamic radius of 32.8 nm [30] was purchased from Sigma-Aldrich NV (Bornem, Belgium). Dilutions of FD2000S were made in Tris buffer pH 10 and in HEPES-buffered medium without phenol red (MWPR; Gibco BRL, supplied by Invitrogen, Merelbeke, Belgium), respectively. To perform RICS measurements, the fluorescent solutions were "sandwiched" between a microscope slide and a coverslip, sealed by an adhesive spacer of 120 μm thickness in between (Secure-seal spacer, Molecular Probes, supplied by Invitrogen). The generated microscopic chamber is small enough to eliminate any flow or currents in the solution while retaining a 3D sample environment [31] . Measurements were performed at 28°C (Tris buffer pH 10), respectively 23°C (MWPR).
Cell culture
The OLN-93 cell line was kindly provided by Prof. Dr. Christiane Richter-Landsberg (University of Oldenburg, Germany). A stable MOG-eGFP-expressing OLN-93 cell line was generated by means of lentiviral vector technology. The cell line was further modified into a stable galactosylceramide and sulfatide-expressing (GS) MOG-eGFP OLN-93 cell line by Dr. Wia Baron (lab of Prof. Dr. Dick Hoekstra; laboratory for membrane cell biology, University Medical Centre Groningen, University of Groningen, The Netherlands). OLN-93 GS cells expressing MOG-eGFP were cultured on 24 mm ∅ coverslips in DMEM (Gibco BRL, cat. no. 41965-039) supplemented with 10% foetal bovine serum (Sigma-Aldrich), 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco BRL), 1 μg/ml puromycin and 2 mg/ml geneticin (Sigma-Aldrich) in a humidified 10% CO 2 incubator at 37°C. For RICS measurements, cells were mounted in a homemade bath chamber and the cell culture medium was replaced by MWPR. Measurements were performed at the membrane facing the glass Fig. 1 a Raster-scan images contain temporal information because pixels are recorded sequentially. Note that RICS analysis requires oversampling of the PSF, i.e. δr has to be substantially smaller than the width of the PSF. b Graphical representation of the 2D spatial correlation of a raster-scan image obtained by shifting a duplicate of the picture (depicted in dashed lines) over ξ and y, respectively, the horizontal and vertical directions. The corresponding mathematical expression is given in Eq. 1 coverslip. For fixation, cells were put in 4% paraformaldehyde (PFA) at 4°C. After 10 min of incubation, PFA was replaced by MWPR.
Viscosity determination
The viscosities of TRIS buffer pH 10 and MWPR were determined with a model AR G-2 rheometer (Tain Instruments Corp., div. of Waters NV/SA, Zellik, Belgium) at various temperatures (23 and 28°C). The instrument was calibrated before every measurement and care was taken to avoid the introduction of air bubbles. Each sample (1 ml, filtered through a 0.22 μm Sterivex filter, Millipore Corporation, supplied by VWR International Europe BVBA, Leuven, Belgium) was allowed to equilibrate for at least 10 minutes before measurements were started.
Instrumental setup RICS images were collected with a Zeiss LSM 510 META one-photon confocal laser-scanning microscope (Jena, Germany) on an Axiovert200M motorized frame.
An analog photomultiplier tube (proprietary Zeiss information) was used for detection. Samples were excited with the 488 nm line (selected by a 488 ± 10 nm interference-based laser cleanup filter) of the 20 mW aircooled argon ion laser (set at 70% of its maximum power) under the control of an AOTF (set at 1% transmission; ∼10 μW at the sample position). The excitation light was directed to the sample via a dichroic mirror (DC; HFT 488) and a Zeiss EC Plan-Neofluar 40×/NA 1.3 oil immersion objective. The fluorescence light was directed through the DC and a LP505 emission filter to the photomultiplier detector. The pinhole size was 1 Airy unit. Images were collected using the 4.0 version of the Zeiss software. The image size was typically set to 512× 512 pixels and the zoom factor to 8 (54.9 nm/pixel) to ensure that the PSF contained a sufficiently large number of pixels (radius of 5-6 pixels). The 1/e 2 axial (w z = 1.8 μm) and lateral (w 0 =0.31 μm) waists of the PSF were determined by performing a z-stack on 175 nm fluorescent beads (Molecular Probes, PS-Speck microscope point source Kit, yellow-green fluorescent 505/515) and by fitting the obtained intensity profiles in xy-direction and in z-direction with a Gaussian profile. One hundred images were collected at scan speed 9. C p =1.6 μs/pixel; C l =1.92 ms; T=28°C. Parameter values are summarized in Table 1 Fluorescence recovery after photobleaching (FRAP) experiments were performed on the same set-up using a bleaching pulse at maximum intensity for 150.6 ms yielding a bleaching depth of 40%. The diameter of the bleached area was 50 pixels (=2.75 μm).
All measurements were performed at room temperature (23°C) to minimize cell movement.
Data analysis
Data were analysed with the RICS software from the Laboratory for Fluorescence Dynamics (E. Gratton, Irvine) and an in-house program in a Matlab environment (MatlabR2007a version 7.4, The MathWorks, Gouda, The Netherlands) incorporating routines as made available by Kolin and described by Costantino et al. [32] . Simulations were run in this program to determine the optimal scan speed for recovery of the diffusion coefficient. The parameters of the models were estimated by weighted least squares, with weights calculated from the standard deviations (σ) of the set of autocorrelation functions determined from the images of the series.
Analysis of FRAP experiments was performed according to Soumpasis [33] . A control region was collected simultaneously with the bleached area to correct for readout bleaching.
Uncertainties are reported as standard deviations. Figure 2 shows the autocorrelation spectrum for FD2000S diffusing freely in Tris buffer pH 10, after subtraction of the background (scan speed 9: t p =1.6 μs/pixel; series with 100 images). Due to the rather high scan speed, the correlated detector noise is clearly visible in the spectrum. By omitting any influence of (un)correlated noise, the quality and accuracy of the fit is optimal. The y =0 line was therefore omitted. Cropping the autocorrelation spectrum to a 16×16 region and fitting with a 3D free diffusion model yields a diffusion coefficient D=8.5±0.2 μm 2 /s. Very similar values were obtained by varying crop size. It is clear, by comparing the measured spectrum with the fitted spectrum, that the effective value of G(0,0) is lower than the noise-containing spectrum might suggest. Measurements performed in MWPR yield a diffusion coefficient Table 1 .
Results
3D diffusion measurements in isotropic solution
2D diffusion measurements in cell membrane
A scanned image (scan speed 2: t p =102.4 μs/pixel) of a single OLN-93 GS cell expressing MOG-eGFP is shown in Fig. 3a . The image series contained 65 images. The regions of interest (ROIs) for RICS analysis were selected on the basis of apparent homogeneity and were taken at some distance from the cell borders. Seven 64×64 ROIs with a relative horizontal shift of 32 pixels were analyzed for simple 2D diffusion. For clarity, only four of the seven ROIs are shown in Fig. 3a . The average diffusion coefficient is 0.10±0.01 μm 2 /s. Figure 3c , d show the fitted spectrum and corresponding residuals for ROI 3 depicted in Fig. 3a .
A set of three FRAP experiments using a bleached area with a diameter of 50 pixels (=2.75 μm) yielded an average diffusion coefficient D=0.19±0.04 μm 2 /s. The immobile fraction was 0.67±0.12.
Negative control experiments were performed on fixed cells. The value of the diffusion coefficient recovered by FRAP experiments was on the order of 2×10 −4 μm 2 /s. In the RICS experiments (scan speed 2, 75 images), various 64×64 regions were considered and formally analyzed for 2D diffusion. The values for the diffusion coefficients at convergence during the least squares search exhibited very strong dependence on the initial guess. The sum of the weighted squared residuals (SWSR) is within a very broad range essentially independent on the value of the diffusion coefficient when fixed in the analysis and equals the value of the SWSR obtained when the diffusion coefficient is fixed to zero. This is in contrast with the dependence of the SWSR on the value of the diffusion coefficient when fixed in the analysis of the RICS data obtained on living cells. A similar pattern was found for analyses of corresponding simulations.
Discussion and conclusions
RICS is a non-invasive fluorimetric technique that can be performed on any standard laser-scanning microscope. We implemented RICS on a Zeiss LSM510 META confocal laser-scanning microscope with one-photon excitation and analog detection. Control measurements on FD2000S in isotropic solution were performed to validate the method and the in-house software for data analysis. Table 1 shows that the measured and expected (Stokes-Einstein) values for the diffusion coefficient are quite similar.
RICS characterization of the 2D membrane diffusion of MOG-eGFP yields values for the diffusion coefficient in agreement with values reported for other transmembrane proteins [34] [35] [36] [37] . The average value of the diffusion coefficient is of the same order as the value obtained with FRAP. However, comparison between FRAP and RICS results cannot directly be made, even when the region of interest is of comparable size. In a FRAP experiment, the mobility of the fluorescent molecules in the non-bleached area is indirectly sampled as well, so that the recovered diffusion coefficient is an average over a much wider area than the bleached spot. The value of the diffusion coefficient obtained in RICS is more locally defined. RICS is more appropriate for detecting different molecular mobilities in spatially different areas of the cell membrane. This allows for mapping of the diffusion coefficient over the cell membrane. The current implementation of RICS does not allow for determination of immobile fractions. According to our knowledge, this is the first time that RICS has been applied to study the membrane diffusion in living oligodendroglial cells.
So far, we have only considered simple 2D diffusion models. Future experiments will be designed in order to find out about possible hindered diffusion of MOG-eGFP in the plasma membrane of OLN-93 GS cells. Measurements at 37°C and spatial mapping of diffusion coefficients over the cell surface under varying conditions (e.g. cholesterol depletion) are in progress. Further studies will comprise the inherent dimerization properties of the MOG molecule [38] and the possible interference of the eGFP moieties [39] on this will be explored.
